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FOREWORD

The work described in this report was authorized under Tcsk 1B522301A08101,
""Dissemination lnvestigations of Liquid and Soiid (U)."" The work was started ini
July 1965 and compieted in Jonuary 1967.

Reproduction of this documen? in whole or in part is prohibited excep? with
permission of the CO, Edgewood Arsena!, ATTN: SMUEA-RPR, Edyawood Arsenal,
Maryland 21010; however, DDC is cuihorized to reproduce the document for United
States Government purposes.

The information in this documeni has not been cleared for release to the
genercl public.
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Condensation processes are important in the thermal dissemination
of CW agents. Heterogenrous and homogeneous nucleation was stud'~d tc

determine the important factors controlling condensing systems.

Fffects of salt nuclei on the particlie size distribution of the
disseminated aerosol were studied and special pyrotechnic systems which

were salt nucleil-free were investigated.

Aerosols composed of two- to five-micron-diameter particles with a

high degree of particle size homogereity make the optimum aerosol for

lung retention and maximum transparency. The prodoc.von of such an
aetosol was shown to be feasible by the technique of tncorporating nou-
volatile “"giant nuclei’ material in the pyrotechnic mix. These grant

nuclei when disseminated with the agent vapor acted as preferential
condensation sites and as small particle scavengers by coagulaticon.

The secondary process of coagulation was shown to be i1mportant 1in re-
moving the highly visible submicron particles. A pyrotechnic dissem-
ination system was suggested to produce uniform, low visibility aerosols
which included coagulation of the small particles to be disseminated on

giant nuclei at elevated temperature and high concentrations.

Homogeneous nucleation always ovccurs in condensing systems of high
vapor concentrations even in the presence of foreign nuclei. Critical
supersaturation ratios of a number of compounds were measured by a

L

s
newly developed experimental method. It was demonstr d

rr
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a

classical Becker-Doering theory is inadequate for the preparation of
nucleation models. A modified model is presented showing the inter-
relationships among physical properties, chemical structure, and

temperature.
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E I INTRODUCTION

2

Pyrotechnic dissemination ot liquid or solid agent i1s accomplished
1 by mixing the agent with the pyrotechuic material. The phase changes n
the »racess include volattlization followed by condensacsioan of the agent.

E The manner in which condensation occurs establishes the perticle s1ze

distribution of the disscminated material., If the condensation processes
in pyrotechnic dissemination could be isolated and studied separately,

then the agent paiticle size and homogeneity could be controlled.

Condensation 1nvolves nucleation, growth, and coagulation (agglom-
eration). Self-nucieation (homogencous nucleation) alwsays occurs at some
critical supersaturation of a condensable vapor, but foreign nuclei, if
they are active, will 1nitiate condensation at lower suvpersaturation values.
The conditions of agent aerosol formation in pyrotechnic dissemination are
highly specitic, and no theoretical analysis of vapor condensation under
these conditions has cver been attempted. The stize distribution of the
agent aerosol involves the simult.neous kinetics ol nucleation, growth,

and agglomeration.

Condensation in rap:dl hed jeis is dependent on the pumber and

Yy Quonc
kind of nucler present. There 1s considerable eaxperimental evidence that
under rapid quench conditions, 1n the presence of forcign nuclei, homo-

geneous and heterogeneous nucleation occur simultaneously. Thereiore, in
order to understand condensation in quenched jeis 1t 1s necessary to study
both heterogeneous and homogeneous nucleation processes. We have made ex-

perimental studies ot both types of nucleation. These have included

3

~d
ca

I

(1) an 1nvestigation ol the aeroscl properties of material digsem

ev

i

trom a pyrotechnic device and (2) measurenent of the homogeneous nuclea-

tion of a number of simple compounds to understand more fully the impurtance

of homogeneous nucleation in actual svstems.
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It NUCLEATION IN PYROTECHNIC DISSEMINATION

A. Tsomorphic Nucler Effects

The effect of forergn nucler on the particle si1ze distributsons of
solid agent siamilents vaporized from pyrotechuic devices was stud:ied using
a numbes of different blends of pyrotechnics and agent simulants. These
nmixtures were burned in unpached piles and the disseminated simelant ¢ as
analyzed for size distribution using a six-stage 1mpactor, the Andersen
Sarpler.t Benzoic acid (BA) phthalic enhydride (PA) and l-methyl-
arinoanthragairone (MAA) wer> the princirpal simulants used. Potassium

chlorate (KC103) and ammontum picrate (AP1c) were the oxidizers uscd.

Inorganic s.lts (5% by weight} were added to the APic-simulant mixes
I to provide salt nucler epon burning. The cffect of salt nucletr can be

noted in Table I. As 1n the case of nucleation 1n condens ng jets,

large numbers of salt nuclei tend to decrease the particle size and the

c—

particle svz2e range of the recondensed material. Also, as ohserved 1n
the jet nucleation, the salts which are 1somorphic appear to produce the
greatest effe.ts. The foreign nucleir conceniration in these systems i1s
probably critical and may be a quantitative function of nucleation

; efficiency.

The effectiveness of selected isomorphic nuclei upon condensation
is demonstrated by the comparative particle sizes, but the final zerosol
properties depend on the relative rates of nucleation, growth from the
vapor, and agglomeration of particles already formed. Thus, 1t would
1
!

appear te be possihl(‘ to control si17e of the pd!"..:itles in 2 therma

dissemination jet.

wmnufsctured by the Andersen Samiler Co., Provo, Utah,
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Table I
EFFECT Of COMPOSTTION 0N MASS MEDTANY DLAMETER OF D SPHRSED
H SIMULANT 1N PYROTECHNTC DOSSEMINATION
H
i PYHUTECHNTC- SIMULANT M X INORCANIC SALT MASS MUDIAN DIAMETER
i (vt %) (S et X nf Mix) (oacroune)
] A (50D BAUSO) nosie 2.v
AP1c (501 “BA(30) hCl 1.u
! APy e (50) ‘BACS0) Znr!Y 0.0
AP, c (50; /PACS0) nop -+ 0.8
APi1c (50) 'PAtS) (@ G.§ =
APV (50) 'PACS0) Mo, 0, ) 0.8'< ii
’;r’
RCLOL (507, RAC30) nene i.v {g"f
il
RC10,(50) 78:33). BA17) none 1o .gf"«?
——
KClO, (505 /5(33) 'MAA(1T) nose 1.5 ,,! T
:
(a) s .
Zn*, and bernzoic acid {BA} sre woncclinic.
) Na (0 and phthalic anlydride (PA) are rhombac.
() Narrce gi2e distributaon.
B. Thermal Dissemination with Girant Nucle:

The possibility of controulling the particle size of (W agent dis-
seminated by a pyrotechnic device was 1mestigated experirmentally. I
order to control particle size, giant nuclei were added and mixed 1nty
the pyrotcchiic-agent biena. The giant nu-lei mateiial liad Lo have very i
definite physical properties:

{1) particle sizes had to be 1n the 1- to 3-micron-

diameter range,
(2) the material could nct volatilize appreciably at !
: pyrotechnic burning temperasures; and ;
H (3) the material had Lo be a2 preferential nucleator
i {small iulerfucial tension with agent).
The materrals investigated were silica, magnesium oxide, titanium dioxide, E

B . N +
ferric oxide, and slumina. :

The pyrotechnic mix could not be a source of effcctive nucler. Thes .
last condition was the most difficult one to attsin. Ammonium picrate, a !
wonopropellant which containeg no metsl atoms and produces no salt nuclei,
was the rfirst fuel-oxidizer used. i

H
10 :
:
1
i
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E means. (hanges 1n relative cloud densities and particle size distribu-
] tions were the measured parameters. The four ~hamber designs studied were:
i \
] 1
3
't
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The Aependence of particle size of condensed organic aerosol particles
on the presence of giant nuclei, which were added te the bulk mat:rial
beiore vaporization, was demonstrated in a simple nonpyrotechnic volaci-
Irzatron. In an attempt to make a comparative study of the particle size
distriobution of organic simulants theramally disseminated, with and without
selecied giant nucler added to the pyrotechnic mix, a number cof mixes were
blended and pressed.  All mixes contained APic as the monopropellant.

The mixes were made with APic (30 and 70< by weight) using benzoic acid,
phthalic anhydride, and l-methylaminocanthrequinone as agenl simulants.
Additional mixes were made with the same 1ngredierts plus giant huclei
material to the extent of 10% by weight of the simulant. The giant
nucler materials were 1- to 4.5-micron-diameter silica and a pigment
grade titanium dioxide. The mixes (1.e., nucles, propellant, and agent-
simulant; were blended in a shaker for several hours and then pressed.

A 50:30 mixture of APic and BA and the same mixture plus 5% 1- to 4-micron-
diameter silica were fired 1n sep. rate experiments i1n a one-cub.c-foot
meter box. The smoke from each mixture was collected 1n the Andeisen
Sampler plus Millipcre filter train. The relative amounts of eacl mix-
ture collected on the backup filters showed that there was several times
as much finely divided material from the 50.50 mixture as from the
mixture containing silica. However, iIn both cases there was black smoke,

presumably from the inefficient combustion of the APic.

Pyvrotechnics hased on potassium chlorate will supply large numbers
of finely divided (0.1 to 0.0l-micron-diameter) KCl nuclei. A second
monepropellant which is salt nuclei-{ree 1s triaminoguanidine cyanoformate
(TAGCY). This compound which was develcped at SRI 1s far superior to
APic as an effective monopropellant. TAGCY mixturcs containing )} and 2%
APic plus 30% agent simulant were successful pvrotechnics. Ten gram
grains of these mixes were pressed at 2000 lb into aluminum film canz of
3 ¢m in. diameter. Addition of 1- to 4-micron-diereter silica to these
pvretechnic mixes produced a marked increase in the mass median diameter
c¢f the disseminated material and a more homogeneous size range. Submicron
particles were preduced during dissemination, however, and a more effi-

cient scavenging of the smoke was necessary.

Four svetens and four coagulation chambers were evaiuated for in-

creasing the amount of coagulation in aeiosols produced by pyrotechnic

Ty
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(1) empty cylinder for simple confined coagulations, (2) cylinder

with two 8-mesh screens (see Fig. 1), (3) cylinder with two orifice
plates, each containing fourteen 1/8-in. holes (sece Fig. 2), and (4) =
two-stage coagulation device. in which initial coagulation occurs at high
temperature and pressure in & confined volume and is fnllowed by simple

confined coagulation ir a second stage.

All of these coagulation devices were scaled for use with 10 g of

pressed mix contained in a 30-mm-diameter canister.

Three types of pyrotechnic mixes were used. The first contained
68% TAGCY, 2% APic, 27% BA, and 3% silicic acid of about Zz- to 10-micron-
diameter particle size for nucleate seeding. The second and third mixes
were based on KCl10,-lactose propellant and had different coolant and
seeding materials. The second mix was 25% KC10,, 11.5% kaolin, 19.5%
lactose, 40% BA, and 4% silica (1- to 4-micron diameter seeding material)}.
The third mix was formulated to check the possibility of using a single
additive, silicic acid, for both the cooling and seeding functions. The

formulation was 25% KCIOa, 19.5% lactose, 44% BA, -~nd 11.5% silicic acid.

Experiments with the TAGCY based mix revealed that screens are more
efficient in promoting coagulation tharn orifice plates and that, even
though the velocity through the orifice holes was about five times greater
than the velocity through the screen, the dimensions and larger number nf

-y

turbulent ceiis caused more coagulation with the screens than with the

ortfice plates.

The two-stage coagulator showed a greater calculated coagulation
rate than the single-stage system. The two-stage appreach shuwed the
advantage over t(he single-stage approach of suppressing homogeneous

nucleations in favor of heterogeneous nucleation.

Collision rate calculaiions foliow, based on the kinetic theorv of

gases and on Smoluchowski’s aerosol coagulation theory.'

The ratio ot
the calculated collicion rates, confined coagnlation (two-stage) to
unconfined coagulation (single-stage), 1s about 20:1 1n both calcula-
tions. The absolute values of the collision rates based on the two

theorics give rates of the same magnitude.

12
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The calculations are based on the following assumptions:

1. For every 10-g charge there is 0.4 g of silica seeding
material. lising an average size of 2 microns in
diameter, the total number of seeding particles is
5 x 10'%  In the confined coagulation case (2 liters)
the concentration is 2.5 x 107 particles’‘cc. [r the
open coagulation case the total volume of gases pro-
duced by the 7 g of propellant is calculated to be
8 liters at 300°K for a seeding particle concentra-
tion of 6 x 10%particles/cc.

2. Three grams of BA 1s ateut 0.03 mole; this 1is
1.8 x 1022 meolecules, giving a vapor concentration
in the confined coagulation case of 10'? molecules/cc

and a concentration of 2.5 x 10!'® molecules’cc in the
open coagulation case.

The equation for the collision rate between molecules of two dif-

ferent species 1n a gas is

nynglo, + o) [B7RT(M, + M,)

z - , (1)
AB
4 MAMB
where
ZAB = number of collisions, sec between molecules A and B
n = number of moiecules c-
Ty 8" collision cross section {diameter of molecules
' A and B)
R = gas constant

T = absolute temperature

M = molecular weight.

I1f Equation (1) is applied to collisions between vapor molecules
and aerosal particles, the effect of anv assumed moleculer weight for

the average aerosol particle 1is essentially canceled by the form of the

expression, t.e., where M, << MB
M, + M 1
L)~ —~ (2)
MAMB M,
14
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The calculated values of the collision rates between BA molecules and
up (confined) = 2 x 1023 collisions/sec at 500 K

and Z,, (open) - 1022 collisions/sec at 300°K. The Smoluchowski eouation

silica particles are Z

expressed as a collision rate is

Z2,, * Kn, n, ' (3)
where K is the coagulation constant. In systems where the aerosol par-
ticles are all the same size, K = 3 to 10 x 107'% cc/sec; in aercsol
systems containing two sizes of particles, however, the K for collision

between the two sizes increases rapidly with the ratio of the sizes.

Fuks! has calculated values of K for various size-pairs: the value of
K for o, - 4 x 108 cm (average diameter of BA molecule) and
g = 2 X 107% cm (average diameter of silica particle) becomes

g K,og = 2x 10°%. The collision rates based on this value of K. sre Z,,

(confined) = 5 x 1022 collisions/sec, and Z,, (open) = 3.0 x 102! col-

lisions/sec.

! In open sirgle-stage coagulation the aerosol cloud is rapidly cooled
and the critical supersaturation ratio of the disseminated vapor 1s
rapidly exceeded. This produces a large homogeneous nucleation rate,
wnich competes wilh the candensation on foreign nuclel and produces great
numbers of very small {approximately 5 x 1077 cm) particles. These par-
ticles coagulate rapidly to the 2 » 107" cm size and become visible as

a persistent smoke.

In the two-stage coagulator the minimum temperature 1s controlled by
regulating the pressure during the first several seconds of the burning

and vaporization process. By selecting the proper release pressure, a

minimum temperature can be reached wnich will produce a saturation ratio
in the confined vapor just exceeding one, thus preventing the occurrence
of homogeneous nucleation of the vapor. Also, because of the very low

supersaturation value, heterogeneous nucleation on small foreign particies

(i.e., carbon nuclei) will be inhibited in favor of heterogeneous nuclea-
tion on large foreign particles (i:.e., large particles are presert in the

form of added seeding material).

19
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111 HOMOGENEOUS NUCLEATION STUDIES

A. Background

——r—
The pressure of a bulk liquid 1n equilibrium with its vapor is pro-
portional to the absolute tempersture T. For an ideai gas, the logarithm
of the pressure p is a linear function of 1/T. It has been observed that
in a vapor phase system with no boundaries, condensation will not neces-
sarily occur when the temperature decreases to equilibrium. In the com-
plete absence of foreign droplets, 1ons or walls the supersaturation
reaches an upper limiting value beyond which condensation will always

re

occur. This condensation is called “homogeneous condensation. For a
terminal temperature T, the critical supersaturation ratio is copstant
and 15 a function of the nature of the compound. The degree of super-
saturation is measured by the saturation ratio S, which 1s defined as the
ratio of the pressure p of the supersaturated vapor at temperature T, and
the pressure p, of the saturated vapor at the same temperature T,. It
has also been observed that the rate of condensation is small unti1l §
reaches a critical value after which condensation hecomes so rapid that
it 1s impossible to measure the condensation rate directly, for example,
by cocunting the number of drops formed per unit time and per unit volume.
The critical value of § at T, i« called the critical supc-saluralion ratio

and 1s written:

S = - (4)

Earlier theories of homogeneous condensution related S to the physi-

cal characteristics of the compound. These theories were usually based

cn the experimental observation that ‘"the controlling process in conden-

1

sation 18 the nucieation of the vapor into droplets. To explain this
observation, Gibbs®? proposed the condition which must exist for nuclei to
form in a vapor. Later, the rate of transition from a vapor to liquid

phase was studied using classic rate process theory.

17
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1. The Liquid Drop Concept

2 He proposed that

This concept was originally introduced by Gibbs.
it is possible to supersaturate a vapor because the formation of a liquid
drop requires not only the work needed to transform the vapor into a
liquid but also the additional work required to form a stable liquid gas
interface. This additional work acts esseatially as a barrier of poten-
tial in kinetic processes, and it slows down the condensation process.

In fact, the free e¢nergy of formation of a droplet can be expressed as
the sum of two terms: a “bulk’ term which correspouds to the free energy

of formation of the iiquid state from the gaseous phase in the absence of

a surface, and a term which is, the free energy formation of the surface.

The free energy difference (per mole) is related to S by
M = RT lnpy - RT lnp = -RT In S (3)

and becomes negative for p > p.

For a drop of radius r this free energy difference (per drop) is

given by
RT In S\ [47r°
8Gy o - ( . )( r) . (6)
v P
0 / J
where R is the gas constant and ¥; is the molar volume. The surface term

1s simply written:
&Gy = 4mrioe (7)

where ¢ 1s the surface tension.

As the size of the droplet increases, the volume term increases more
rapidly than the surface term. Consequently, a critical drop size will
be reached after which any increase i1n radius will cguse a decrease of
free energy, and therefore spontaneous condensation will occur. It is in
the abcove sense that the surface properties act as a bariier of potential.

The total free energy of formation of one condensing droplet is then

RT\ [4nr}
Mo = -(—) (—T’_r—) In S + 4Tlr20 (8)
Vo 3

18
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and 1s maximum for a critical value r* of r such that

. 16753
o860 = (9)
34G?
and
- . X (10)
g AG

This value AG" is thus the barrier which must be exceeded for homogeneous
nucleation to occur. These critical size droplets, also called nuclei or
clusters, are present in supersaturated vapors, even 1f no phase transi-
tion occurs. Note that Equation (7) is the well-known Gibbs-Thomson

relationship.

As already mentioned above, Gibhs? established on a firm basis the
equilibrium conditions that must exist for nuclei to form in a vapor, but
he did not study the conditions for transition from a supersaturated vapor
1 with a few nuclei vo a condensed vapor with a very large number of drops.
The adaptation of rate process theories to the problem of homogeneous
nucleation was the next step in understanding this phenomenon. This is

described in the next section.

2. The Transition Process

The first attempt to describe the nucleation rate J was made by Volmer

and Weber.> They proposed that J be taken as a product of two terms—an

PRI SR TR

energetic and a kinetic term. The energetic term n?, defiued as the con-

centration of nucleil in the vapor, can be related to AG* by

state between clusters of different size). The kinetic term v 1s the

2

frequency of collision of nucleyr per surface unmit é47r and can be de-

duced from the kinetic theory of gases:

P
(2WnkT)%

, (12)
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where n, 1is the number of molecules/cm® (this establishes an equilibrium
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wherc p 1s the supersaturated vapor pressure and m 1s the mass of the

nuclei. Hence, the Volmer-Weber equation for the rate of nucleation is:
2 P ~8GT /AT
J o= n,(4mr*?) ( )e / . (13
V2rmkT

It folluws therefore that n; can be related to the supersaturation vaporp

in the case where the vapor 1s considered as a perfect gas:
n, o= = (14)

and that AG is related to S’ (compare Equations (5) and (9). Because

the rate of condensation becomes very rapid when S reaches S”, it is not
possible to measure J. Consequently, the theory assumes instead that when
one drop 1s formed per cc per second (J = 1), § has reached its critical
value, and for this condition a theoretical value of S  is calculated and

can be compared with the experimental value of S.

Other theories have been proposed which differ from Volmer and Weber's®

tnitial formulation. These theories differ mainly in the expression of one

or both of the two terms—kinetic and energetic. Volmer and Weber’'s theory

-

wa: refined by multiplving the frequency term by a condensation coefficient
(a_ £ 1) to account for collision efficiencics (a_ is usually taken to

equai one).

Becker and Doecring® refined the energetic term by taking the steady

state i1nstead of the equilibrium state to calculate the concentration of

nuclei in the vapor. They considered the set of bimolecular reactions
A, + A, =4, (15)
A, + A, T=A4, (16)
R 2 (17)
wher« A: 1s the criticel nucleus containing t molecules. The concentra-

tion n] 1s then calculuted for this steady state and is written in the form

n* = Zn,e'ﬁc.jkr . (18)
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Here Z, usually called the nonequilibrium factor, s given by

el "
zZ - . (19)
3InkT1e?

where 1* is the number of moleccules 1n the cricical! nuclei. The Becker-

Doering equation for nucleation rate is then written 1n the form

J o= admet)Z - n e OCT/RT (20)
(27mkT)?
When J = 1 and ¢_ = 1, the equation can be written in the form,
200n S)3 ¢ bltn SH2 = a = 0, (21)

where @ and b are functions of density d, surface tension ¢, vapor pres-

sure pg, and molecular weight ¥, for any specific temperature T,.

LAY
a = 17.557 —: ; (22
T/

, 5135 . [(u:)'i (m)?] ”
= >. 430 n m T . (23)

The size of the critical cluster 1s then:

2a

pos —2 (24)

{1z %33

More recently, Lothe and Pound® proposed that the free energy of
formation &G~ should be corrected by a term AG:' to account for the motion
of the droplet as a whole (4G being computed for a critical cluster at
rest). This term can be calculated from the rotational and transitional
partition functions of the cluster. Lothe and Pound included another
correction term AC;' arising from the requirement of conservation of the
degrees of freedom of the cluster from the vapor phase to the liquid

[

phase. This term® has been shown to be approximately equal to Ts, where s

2]
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is the molecular entropy of the liquid. The rate of nucleation sfter

correcticn 1s then written 1n t,he form:

J o=« ZT(4nre?) ——b  cmoct AT (25)
(2makT)"

a6t /art

where [ = ¢ 18 the Lothe-Pound factor. An error of 47 was found

in checking the derivation of this equation; the corrected equation is:

kT i* (27mkTY? 70/ 4

T = (TkTW?2— - (26)
P n? 4 4

which reduces to

. (mI )32 (RT) (87 ¢/t
r - . (27)

‘npﬁ6

Here # 1s tle Planck constant h divided by 27, and I 1s the kinetic moment

of the critical cluster, equal for a spherical droplet to

2 . 2 ¥ .
I = ;mt‘r“ = -5‘1;‘;r'7 . (28)
Teking J = 1 and a_ = 1, we have utilized the Lothe Pound equation
{see Equation (25)] o, as a function of d, o, pg, and s, 1atroducing a

new function A independent of s’ , such that

M- InS -12 ln (In S") , (29)

2
"

where

]

2472 k.
A o= UIn
S¥3244 6
k4 S
ln';: + 4 lna -~ T In pod «+ 4 In MT
S
6.21132 + 4 ln o ~ i In ped + 4 In MT (20)
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and X = In 8§ yields

1 : A | x 2 .
X3 . X2 b*\-;ha-l’l ',,X»_-)ln fa «+ X « X7 1n X - )\)J}—u = 0 . (31)

Thais simplified form of Equation (Z5) 1s equivalent to the lLothe-Pound
nucleation rate equation. Sclving this equation for specific values of

a, b, and ». we obtain from the root X = In 8" the theoretical value of
the critical supersacuration ratio, which will be compared to the measured

values of §°. ° may be calculated by

To measure the critical supersaturation ratio, the following techniques

have been used: the expansion chamber technique, the diffusion technique,
and the jet technique. The basis of these techniques is to cool the vapor
very rapidly by enforcing sudden changes oi temperature. It i1s hoped that
1in this way the vapor will become supersaturated before 1t can diffuse and

condense on the wall of the measuring container or chamber.

a. Expansion Chamber Technique

The measurements of Wilson and Powell,® using exp.nsion chamber
techniques, give consistently high values for the critical supersaturation
ratios of water. The expansion chamber technique consists of cooling the
vapor by suddenly expanding a mixture of the vapor with an inert carrier
gas. If the expansion is assumed to bc adiabatic and reversible, the
final temperaiure can be computed from the ratio of the volumes before and
after expansion, from the i1nitial temperature, and from the heat capacities
at constant pressure and constant volume, respectively. Unfortunately,
under conditions of reversibililty and adiabacity, the expansion ratio can-
not be higher than 1.3 or }. 4. This limits the range of temperature that
can be investigated and 1f the critical supersaturation ratio 1s too large
(as 1n the case for CCl,, for e¢xample) it may be impossible Lo measure s
by this technique. Wilson and Powell® measured the critical supersatura-
tion ratic of water for temperatures ranging from 260 to 325°K. Critical
supersaturation ratios of some corganic compounds, such as nitromethane,

ethylacetate, and a few alcohols, heve been measvred by Yolmer and Flood.?
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Clarke and Rodehush’ measured § for water and benzene using helium as a
. . . .
carrier gas. Their reported values of § a:e small—probably because of

hetercgeneous condensatioun.

b, Diftusion Techuique end Mezsurements

Recently Katz and Ostermier™ heve used this cechrijue for measur-
ing critical supersaturation ratios. Their results are in ag-eement with
those of Velmer and Flood.? The av1tusion technique was originally used
to determine only the &" for solidification of a supercosled liquid. This
technique, whicl uses thec antual steady-state condi’tiocn during the measure-
ment, appeurs Lo be very promising for ohtaining critical supersaturation
ratros. binfortunately, it i1s also limited to a small temperature range,

and 1t reguires the knowledge of the transport coefticients.

used cnly for compounds of low volatility because of experimental

limitations.

3. Discussion of Comparative Data

The critical supersaturation ratios measured by Volmer and Flooud®

for organic compounds are found to be 1n excelient agreement with the
values predicted by the Becker-Doering equetion. The Wilson-Powell mea-
surements for water were also in a relarively gond zgrocamcnt at hagh

t- 'peratures.

It was aot until r2cently, when Lothe and Pound® suggested their cor-
rection to the Becker-Doering theory (a correction that increases the
nucleation predicted by the Becker-Deering ecquation by a factor of 16!'7),
that a possible means of reconciling Becker-Doering thecry with erxperiment

was seriously atuvempted.

c The Jet Technique
This technique has been used by Higuchi and O'Konski.? It is a
valuable approach to critical supersaturation measurement but 1t can be

Jn view of these discrepancies i1t became 1mportant toplan further ex-
rerimental investigations to determine whether the correction proposed by
Lothke znd Pound was neressary. Yorexemple, it appeared desirable to mea-

L]
sure 8§ forwater ouver alarger temperature range. Inthe course of our con-

R >

densarion studics, wedeveloped amethod of measuring S over very large temp- |
erature ranges. Thisdeveloprent zund the 8* dataacquired will bedescribed

in Lthe following secricens.
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B. Experimental Studies

In devising a new technique for measuring S° a flow method was
chosen, which was similar to the Y-flow method used in gas kinetics to
study reaction rates. The Y-flow method has been described by Bodenstein
W HY

and Wolgast,™ Langmuir.® and Benzon.

1. Description of the New Apparatus

Jnstead of mixing the flows arriving from the brancues o1 the ¥, 1t
was decided to have the gases arrive head-on at the mixing zone. The
basic principle of the apparatus 1s simple. A hot gas stream, saturated
with the vapor of interest, is made to collide head-on with another gsas
stream which i1s much colder. The two streams come together in a small
chamber; the mixing region between the tube ends 1s centered 1n the path
of a strong, collimated light beam which is placed at such an angle as
to pruduce forward scattering of maximum intensity from any droplets
which might be formed. The cold stream temperature i1s controlled by
passing the diluent stream through a massive cylindrical copper thetmo-
stat submerged in a cooling bath. The hot copper thermostat, which 1is
heated with electric heaving tape, 1s placed directly over the cold one
and the two are mutually insulated by 3/4-1n. cork. The hot copper
thermostat 1s also an 1sothermal vaporizer. The liquid of 1interest 1s
placed 1n a well 1n the hot cylinder. A measured flow of nuclei-free,
dry air 1s passed into the thermostated liquid through a fritted glass
bubbler. The gas, vapor, and entrained droplets then pass through two
layers of Gelman Type A glass fiber filter to remove all of the liquid
dr.plets and tc assure saturation of the gas stream. The gas-saturated
vapor stream 1s then passed through a deionizer in the form of a small
annular condenser. The copper inlet line to the cold thermoszat has a

similar condenser. The distance between the surfaces i1n these condensers

] 3

m%m and ithey are atout 5 cm long. A 45-volt field 1s used for gas-

o
4]

1on removal. Figure 3 shows a detailed schematic of the apparatus.

2. Tecknique Description

Botk the hot and the cold flows must be limite? <o laminar flows.
This provides for steady-state conditions in the mixing region, isolated
from any wall effecis, as shown in Fig. 4. Since stream temperatures,

pressures, and comprsition are known, only the heat capacities of the
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gaseous components need to be determined to calculate the temperature

of the mixing region. One of the flow rates or one of the temperatures
18 adjusted to initiate nucleation, which 1s detected by observing the
forward scattered iight. The temperature ot the mixing region (T/) 18
completely controlled by the mixing processes. 7The heat of zondensation
13 much too small to change the stream temperatures which are measured

by means of thermocruples in the copper thermostats very close to the
tube exits.

To calculate the mixing temperature T!, the total heat gain of the

cold stream 4Q, is set equal to the total heat loss of the warm sticam

/_\Q',‘ t.e.,

8Q, = BQ, , (33)
&, = FCT, - T (34)

. . P
o0, [F.Cp + F (-7—66—-—;) Cp(v)](T' - Tf) , (35)
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where Cp is the average heat capacity of the air, Cp(.) is the average
heat capacity of the compound vepor, F_ and F, are the cold and warm
stream flow rates. and T and T are the cold and warm stream tempera-
tures. By combining Equations (34) and (35), T, can be calculated.
When 7) is established S* is easily calculated:

(messured p at T/)

S* - , (36)
(saturated p, at TI)

where the measured vapor pressure in mm Hg at'Tf 1s

’

p

F. 760 - p’
p = 760 (37)

F_+F, +F

P
. * 766 - p,

where p’ 1s the saturated vapor pressure at T  snd p, at T, is deduced

from the curve for saturated vapor pressure versus 1/T for the pure compound.

To gain a better understanding of the capabilities and limitations
of the technique, it appeared desirable to study the variation of S°
with the ratio of temperature T /T or the ratio of flow rate F_/F_ of
the gases being mixed. Frem Equations (33) - (37), we can deduce S and
T;. and we notice that wf T_ and T, are kept constant, S will vary with
the ratio F_/F_. There is a maximum value for S that will correspond
to a specific value of F_/F, and, since T, and T, are kept constant, to
a specific final temperature T/. Figure 5 shows a curve of S versus 1/T
for CCL, at T_ = 175°K and T, = 300°K. Curves (such as the one in
Fig. §) can be used to visualize how S could vary to reach the observed
critical values, and to choose the appropriate values for T, and T_ for
a specific experiment. Thus, it can be seen that S will reach this
critical value by varying F_/F_ and keeping T_ and T  constant (see
Fig. 5).

The interrelationships between acrnracy, S°, aand the F_/F_ ratio
were quite complicated because of the physical characteristics cf the
system. The S* is easy to measure when an initially large F /F_ ratic
is decreased slowly to the onset of condensation. The drawback to this

approach is that S° occurs at large F /F, ratios (cf., F./F, =70 an
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FIG. 5 EXAMPLE OF LIMITS OF COLD AND WARM FLOW RATIOS
IN THE MIXING STREAMS TECHNIQUE

Fig. 5). under these conditions, the mixing region is dispiaced toward
the waiwm aii vatiei. and this may atlect the obsevrved condition for the
onset of condensation. When S° is approached from the other direction,
i.e.. when an inttially small F_/F_ ratio is increosed stowly 1o the
onset of condensation, the value of the F_/F, ratio ts close to one
Cef.. F_/F_ - 1.6 aa Fig. 5). and the mixing region 1% not displaced,
However, large ziiounts of condensate form on the viewing chamber sur-
taces and cause diftieuleies.  We have been making measurements using

the 1mitrally small, increasiug F_/F_  approach for comparative purposes.
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In measuring critical supersaturation ratios when F_ = F_, a large
temperature difference between the two air flows is necessary. We found
that for F_ = F_, the final temperature range is limited to a practical
interval of about 60°K (192 to 253°K in the case of CCl,). Thus it
remains necessary to accept the experimental difficulties accompanying
the iarge F_/F_ ratio approach in order to conveniently measure S* at

temperatures outside this temperature range.

Because of the relatively small dimensions of the mixing zone, 1t
1s necessary to determine whether or not the residence time of the
mixing gas and vapor was adequate to establish steady-state conditions
of cluster and embryo populations. The induction period (time required
to form clusters and embryos) at critical supersaturation is estimated
to be about 1077 sec. At a total air flow of 2 liters/min., the gas in
the mixing zone travels about 5 X 1073 cm in 1077 sec. Since the minimum
dimension of the mixing is its thickness, estimated to be about 1073 cm,
the residence time is more then adeguate to establish steady-state

conditions.

Finally, an analysis was made of the effect of both total air flow
and the ratio of the cold air flow to the warm air flow on the accuracy

of critical supersaturation ratio measurements.

The optimum total sir flow should be between 1 and 2 liters/min.
Flows which are too small cause errors in messurement of che cemperature.
Flows greater than ¢ liters/min produce turbulence in both the cold and

warm air streams and could cause distortion of the mixing zone.

0
-

Using this technique S* values were measured for benzene, CCl‘, Cs
CHCl,, and H,0. It was possible to obtain very high values for S* for a
range of temperature much larger than any range that had been investi-

gated in previous studies.

3. Potential Sources of Errors and Description of the Second and

Third Generation Apparatus

As measurements progressed, it was possible to gain a better under-
standing of pctentiel sources of errors in the new technique. These
potential errors, together with the corrective steps that were adopted

to improve the apparatus, are discussed below.

K11
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A possible source of error in the very cool temperature experiments
cculd have been created by water from the ambien* wet air diffusing into
the mixing chamber and condensing. To eliminate this possibility the
apparatus was modified to 1solate the condensation chamber. Thi- change
eliminated the possibility of partial obscuration of the condensation
tone by external mcisture condensation. The modified apparatus is shown
in Fig. 6. The first condensing droplets were much easier to detect
than they had been previously, and the sccuracy of the apparatus was

improved considerably.

The arrival of the dry air directly, without 1ts being brought to
the equilibrium temperature of the upper thermostat, created problems
in measuring S° of compourds with low or high vapor pressure, since the
temperature of the upper thermostat was quite different from room
To eliminate this limitation,

temperature. a new vapor saturated-warm

air thermostat apparatus was designed and fabricated. The general
features were the same as 1n the first apparatus, but the gas preheating,
the thermostating,

and the filtering were improved. Figure 7 shows the

new parts in detail. The air flow temperature can reach the thermostat
temperature or the equilibrium temperature of the saturated vapor before
it mixes with the liquid to carry the vapor. In Fig. 7 the air is
preheated at the cylinder temperature by circulating 1t i1n a copper pipe
around the copper cylinder. Then 1t goes into the vaporization chamber
to carry the satuiated vapor through the glass tube and the fritted
glass bubbler. In the first prototype the air was channeled directly

to the glass tube.

We have also made some measurements using two warm sections of the

apparatus, sev up 1n series. The first warm section was used as a

vapcrizer, producing saturated vapor at temperature T,. The secund warm

section, into which the saturated vspor was 1ntroduced. was used us =

thermsstated superheater. This arrangement provides a simple way to
clear the viewing chamber of condensate. This can be done by circulating :

dry, clean air in the system before admitting the vapor to the cpparatus.
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C. Experimental nesults

Curves of In S* versus 1/T were constructed for several simple com-

pounds over wide temperature ranges.
1. Water

The critical! supersaturation data for water vapor from e previous
study'® and from the present work are summarized in Fig. 8. A comparison
of our results with the results of others shows that there 1s agreement
between our measurements and those of Wilson and Powell,® whose results

have been considered the best available.

Sander and Damkoehler!? and Madonra et al., ® claimed to have observed
freezing nucleation of water at low tenjc:ratures (homegeneous condensa-
tion from the vapor phase to the solid state). We have not observed
scintillations upon condensation and construe this to mean that the con-
densed particles were liquid. As the temperature decreased, the size of
the nucle: kept getting smaller, and the aspect of the cloud kept chang-
tng gradually from droplets to smoke. The temperature, -§5°C 1is generally

believed to be a trapnsition temperature, be ow which water must crystallize
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when condensing.  Hirth and Pound' take -41°C as this lower temperature
limit because -41°C is the criticel temperature for rapid homogeneous

nucleution of ice from superceoled water, but our observations lead us
to believe that nucleation occurs from the vapor to the liquid state at

temperatures lower than -65°C.

2. Organic Compounds

Figures 9-12 show curves of I{n S*versus 1/7 for benzene, carbon
tetrachloride, carbon disulfide, and chloroform. Computztions from the

experimental data were done with the TWX Time Share Computer system.

Results of an error analysis showed that both saturated vapor pres-
sure and temperature had been measured with a high degree of accuracy and
that largest errors were probably caused by promoters of nucleation such
as; foreign nuclei. Nevertheless, we did find some systematic error in a
small range of temperature, and we investigated the possibility that it
--ight have resulted from a temperature gradient in the cold thcrmostat
when 1:quid nitrogen was used as cooling bath Because rhe error was
systematic we were able to correct the mcasured 7 (when the liquid
nitrogen level was beneath the copper thermostat a maxinum correction
of -20°K had to be arplied).

For benzene we were able 1o make a very difficult neasurement at rela-
tively high temperature T = 270°K for F_ egual to F_ approximately and found
S* = 8.0. We obtained a slower rate of nucleation than Clarke and HRode! sh ¥
who found S8* = 8 at 250°K. This result indicates that they may have h
heterogeneous condensation when they measured S§* for benzene. They - e

using helium as a carrier gas.

D. Discussion and Conclusions

1. Comparison of Fxperimental Results with

Earlier Theories

Figures 9-13 show the curves of In S* as a function of the inverse
of the absolute temperature 1/T for water, benzene, carbon tetrachloride,
carbon disulfide, and chloroform. To calculate the thzoretical critical
supersaturation rat:o for tl-se compounds, we have extrapolated the
}iquid-state physical properties to very low temperatures. The experi-

mental data appearing in the theoretical expressions are the density,
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the saturated vapor pressure, the surface tension, and the molar entropy

at temperature T.

The logarithm of the seturated vapor pressure p, 1s extrapolated
graphically from the linear relationship with 1/T (see Appendix). The
density is determined by the equation

2 3
d = a) + a,t + a, e’ + at . (38)
where t 1s the temperature in degrees centigrade and a,, a,, a,, and @,
are experimental constants (see Appendix). For o at T we use the equation:
o = ﬁl + ﬁzt + ;33t2 + ,8‘23 , (39)

where ﬁl, ﬁz' ﬁj and ﬁ‘ are constants determined experimentally (see
Appendix). The liquid entropy s is computed from

CP
— dT , (40)
T

where s° 1s the standard molar entropy for liquid state (at 25°C and
atmospheric pressure) and C, 1s the molar heat capacity of the liquid at

constant pressure.

The physical property data were compiled for the organic compounds
and water and then used in the nucleation rate equations of Becker-
Doering and Lothe and Pound to obtain the calculated values of In S*,

R and X (see Figs. 9-13).

2(ln 8*)3 + b(ln S*)2 = a = 0 (21)

xl*xzé*%--}'lna-u lnxolln[a*xz‘*xz(lZ tnx-mj}-a =0 .
2 2 (31)

A comparison of the theoretical results obtaiued for R and X with
the experimental values of In S* shows a discrepancy between theory and
experiment , this discrepancy increases very rapidly as the temperature
decreases. Furthermore, the valucs of S° become very large at low tem-
peratures and calculated cluster size becomes very small. This discrep-

ancy may be due to the fact that macroscopic properties such as p, d,

and 0 are assumed to be applicable to very small clusters. 7lhe dep:.nden e
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of the physical properties on cluster size appears to be very important

in the case of surface tension.

2. Variation of Surface Tension with Droplet Curvecure

The problem of the variation of the surface tension with droniet
curvature has been studied very intensively by many investigators, buc
the relationship between surface tension and curvature has never been
resolved. PBRecause of its critical importance in the nucleation model,

a study was made of the surface tension of clusters,

We determined indirectly the surface tension (c, . «s a function of
curvature in the following way. We introduced a parameter p, defined as
the ratio of the surface tension, corrected for the curvature (o) and
the bulk value (o,). The values of p were determined by replacing the
theoretical values of S* in the nucleation rate equation with the mea-
sured values. If the Lothe-Pound theory is correct (except for the
value of o), then the functien p(i*) = ar/oh would aliow the theory to
predict correctly the value of the critical supersaturation ratio. Ve
thought that use of the experimental values of S* and of the theory to
compute p(i*) might alsc shed some light on the dependence of surface

tension on cluster size.

With p thus defined and with a, b, and A defined by Equations (22),
(23), and (30), we obtain

a’ O’i s
a - 0—3 - p L (41)
o, \ 1
b™ - b = In ‘; = E ln p , (425
r A a’
AN - N = 4 In—~ = 12 In £ : (43)
a

r r r o )
where a”, b7, and A" are the values of a, b, and A for o = o or
r




AT = A+ 12 Inp . (46

Substituting a", &7, and A" from Lquations (44)-(46) into (21) {for the
Becker-Doering theory] and into (31) [for the Becker-Doering theory cor-
rected for the Lothe and Pound factor] and setting E = In S*, we cbtain

two new equations:

apd - B2 Ilnpo - E¥(b + 28y = 0 (47)

E2
ap? - 11E21n p ~ 7; In [ap? - 1282 Inpo + BE2(E+ 12 In E - \))

- 526;4 £+ A - % Ina- 12 In E) = 0 . (48)

Equation (47) yields the values of  which we shall use for the correction
of the surface tension for small droplets 1n the .ase of th: Beiker-

Doering theory; Equation (48) does the same for the lLothe and Pound theor:.

Since we wish to detcrmine if the discrepancy between theeoreticel

and experimental values can be ascribed to the use of ¢ we also com-

e
puted the number of molecules 1* in the critical cluster .« xamine the

function £ vs5 1*

* - . (49)

The results of our computation {or & and 1* are giver tn Yigs. 14-18.

3. Cluster Size and the Nuitface Tersion Correction

In the case of water the function . decreases with the si1ze of the
droplets and consequentiy increases with curvature Miiaci and S‘.'!ad'.;t":'.m
have developed a dangling-bond mcdel for wauter on . assuriptron that the
effect of curvature on surface-free encrgy 1s due * he broken hydiogen
bonding of the surface molecules. They calcula rrection of spproxi -
metely 1.2 for 1* = 10 tu 116. Our numerically ted resu’ts are 1n
qualitative agreement with their calculation, e: ally for the pcint
(S* = 5.07, T = 276.3K), where £ 1s 1.10. Howes for the porut
(S* - 6.3 x 10*, T = 165.24K), their calculated «.r1ection of 1.23 fou
t* = 10 does not agree with our result of 1.73 for * = 9.
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In the case of nonpolor moleculcs (benzene, CCl,, and CS,), we find
that o does not increasc with curvar, iat £ i3 appruximately con-
stant whern the size of the nucler 1s Jlarge enough; but for a smaller sjize
nuclexr, ¢ increases markedly with curvature. Jn the case of CHCLl,, for
large size values of :*, Chloroform is a slightly polar compound «nd its
.

£ - 1* curve resembles the non-polar case except at low temperature {small

1*), where the effect of polar forces may be evident,

It 1s Lo be expected thet surface free energy for small drops should
1ncrease with any oricntationed force field and specifically with dipole

moment. In the case of benzene we may he._. an orientetional effect tha:

48
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increases o with curvature. Bentene is a flat molecule, and 1t should

be more difficult to get the surface molecuies 1n their oriented positions
and therefore a geometrical hindrance effect will strongly increase /.
This will explain why, although the benzene has no electric dipole moment,
p increases rapidly for small values of 1*, as 1n the case of polar

molecules.
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GLOSSARY

A A nucleus or particle

A: Critical nucleus containing i molecules

@, Condensation coefficient

Cp(v) Average heat capacity at constant pressure (cal/mole) of vapor

CP Average heat capacity at constant pressure

€, .. Average heat capacity at constant volume

d Density (g/cc)

F. Cold stream flow rate (ml/min)

F, Warm stream flow rate

I Lothe-Pound correction factor

AG Free energy of formation of droplet (per mole)

AG® Free energy of formation

AG* Free energy change of formation of nritical nucleus

AGY! Free energy change of rotation of critical nucleus

AGY Free energy of .formation (per drop)

AGH! Free energy change accompanying rotational and translational
degrees of freedom in critical aucleus

AG:' Free energy change of translations of critical nucleuns

o Planck constant divided by 27

! Number of molecules in eritical nuclei

I Moment of inertia

J Nucleation rate

k Beltzmann's constant

K Co~gulatian coefficient

m Molecular mass

M Molecular weight

n Number of molecules/cc

!
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Ao A

i, A

N N <

e ey

AB

Concentration of critical nuclei
Concentration of nuclei containing i molecules
Number of molecules/cm3

Avagadro’s number

Frequency of collision of nuclei per surface unit
Vapor pressure {(mm Hg)

Saturated vapor pressure (mm Hg)

Total heat gain of cold s:ream

Total heat loss of warm stream

Radius

Radius of critical nucleus

Gas constant (Boltzmana constant X Avagadro’s number)
Ratio of surface tensions Ub/Ur

Molecular entropy

Supersaturation ratio

Critical supersaturation ratio

Standard molecular entropy

Surface tension (dynes/cm)

Surface tension of drop of radius -

Bulk surface tension

Collision cross section Ediameter of particles A and B)
Absolute temperature

Initial temperature

Terminal temperature

Temperature (°C)

Molar volume

Nonequilibrium factor

Number of collisions/sec between 4 and B particles




APPENDIX

PHYSICAL PROPERT!ES USED IN NUCLEATION CALCULATIONS

Density (d) Relative

to Water at 4°C

Water: 20(t)

ccl,: ™

Benzene: 2

CSZ:N

. 20,21
CHCL ;-

where t 1s

d =

0.9994 + 1.896 X 1074(t + 4) ~ 1.0417 X 1073(¢t + 437
- 6.95 % 10°8(¢ + 4)3

1.63255 - 1.911 x 1073 ¢ - 0.690 x 107°% ¢2

0.90005 - 1.0636 * 1073 ¢t - 0.0376 x 1076 #?

1.29272 - 1.481 x 1073 ¢ - 3.06 x 1077 42

1.52643 - 1.8563 ¥ 1073 ¢ - 0.5309 x 107° ¢2
8.81 x 1079 ¢3

the temperature in degrees centigrade

Surface Tension (o) in dynes/cm

Water: 20 o =
1, 2% oo
Benzene: 021 o o
(382:20'21 o =

CHCL 5 203

Liquid Heat Capacity

76.96 - 0 152(t + 8) + 0.7882 % 107 %(t + 8)*?
- 2.56 x 1076(s + B8)3

3>

29.38 - 0.13975 T + 3,875 x 107 *¢?

31.58 - 0.137 ¢t + 0.0001 ¢

+

2

35.28 - 0.15217 ¢ + 0.8333 ~ 10~ * ¢*

i

28.6 - 0.1363(¢ 10)

Cp at Constant Pressure in cal/mnle

BRI LS s

Water: 22

.23
ccl,:

Benzene:24

CcS,: %5

CHCL,: 2%

218.765 -~ 2.0182 T + 6.769 x 1073 T? - 7.575 x 1076 72
219.18 - 2.2173 T + 8.5583 X 107 *7T2-~1.0833x 107 % 73
- 37.816 + 0.6104 T- 1,8938 x107 7%+ 2,140 x 107¢ T3
17.825 + 7.6 x 107% T

12.4822 + 0.05137 T
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Scandard Entropy (s°) (at 25°C/atm of pressure in cal. per mole and

per degree)

Water: s% = 16.73
cCl,:®%  s° = 51.25
Benzene:? s° = 41.30
CS,: % s° = 36.10
CHCl,:%  s° = 48.5
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